Nutrient enrichment can slow growth, enhance bioerosion rates, and intensify algal competition for reefbuilding corals. In areas of high human population density and/or limited waste management, submarine groundwater discharge can transfer anthropogenic nutrients from polluted groundwater to coastal reefs. In this case study, we investigate the impact of submarine groundwater discharge on a near-shore reef in Bermuda, where over 60% of sewage generated by the island's 64,000 residents enters the groundwater through untreated cesspits. Temperature, salinity, pH, and alkalinity were monitored at a groundwater discharge vent, three locations across the adjacent coral reef (0-30 m from shore), and a comparison patch reef site 2 km from shore. Groundwater discharge was characterized by low salinity, low aragonite saturation state (X ar ), high alkalinity, elevated nitrate ? nitrite (NO 3 -? NO 2 -; hereafter, ''NO 3 -'') concentrations ([ 400 lM), and an elevated 15 N/ 14 N ratio of NO 3 -(d 15-N = 10.9 ± 0.02% vs. air, mean ± SD). Rainfall and tidal cycles strongly impacted groundwater discharge, with maximum discharge during low tide. NO 3 concentrations on the near-shore reef averaged 4 lM, ten times higher than that found at the control site 2 km away, and elevated NO 3 d 15 N at the near-shore reef indicated sewage-contaminated groundwater as a significant nitrogen source. Tissue d 15 N of Porites astreoides, a dominant reef-building coral, was elevated by * 3% on the near-shore reef compared to the control site, indicating that corals across the near-shore reef were assimilating groundwater-derived nitrogen. In addition, coral skeletal density and calcification rates across the near-shore reef were inversely correlated with NO 3 concentration and d 15 N, indicating a negative coral health response to groundwater-borne nutrient inputs. P. astreoides bioerosion rates, in contrast, did not show an effect from the groundwater input.
Introduction
Coral reefs thrive in oligotrophic environments with high herbivore grazing rates (Kleypas et al. 1999; Sotka and Hay 2009) , conditions that allow slow-growing corals to outcompete fast-growing algae for light and space (Littler et al. 2009 ). However, corals are under threat, with global warming identified as the dominant factor driving worldwide coral bleaching (Hughes et al. 2018) . Local factors such as nutrient enrichment and overfishing are also Topic Editor Mark Vermeij Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00338-019-01879-5) contains supplementary material, which is available to authorized users.
& Zoe C. Sims zoe.c.sims@gmail.com important causes of rapid coral reef loss (Jackson et al. 2001; Pandolfi et al. 2003 ). Bermuda's coral reefs are considered the best preserved in the northern Caribbean-western Atlantic region (Woodley et al. 2000) . They provide an estimated $700 million per year in ecosystem services and support roughly 12% of Bermuda's economy, primarily through tourism (Beukering et al. 2010 ). In addition, Bermuda's high-latitude reefs have not experienced major bleaching mortality to date and may act as refuges for corals under global warming (Woodley et al. 2000; Smith et al. 2013) .
Nevertheless, Bermuda's corals face challenges. The island's population density is among the highest in the world, supporting 64,000 residents and [ 750,000 visitors annually on a land area of 54 km 2 (total on-island human density ranging from * 1220 to 1320 people km -2 from winter to summer; Bermuda Tourism Authority 2018). Yet the island lacks a centralized sewage treatment system, and it has been estimated that 60% of Bermuda's sewage waste, a volume of 11.4 9 10 6 L day -1 , enters the island's groundwater through untreated cesspits (Jones et al. 2011 ).
Bermuda's groundwater is a discrete subterranean layer of fresh to brackish water, the lower density of which separates it from the seawater below (Vacher 1978) . Human sewage inputs have led to heavy nutrient loading in the groundwater (Simmons 1983; Simmons et al. 1985 ; Thompson and Foster 1986) , with groundwater discharge estimated to contribute approximately 1.1 mmol m -2 d -1 anthropogenic nitrogen based on an annual groundwater discharge rate of 1.1 9 10 10 L into Bermuda's near-shore waters (Simmons and Lyons 1994) . In the island's largest groundwater lens, the Devonshire, nitrate (NO 3 -) concentrations have been measured to be as high as 2300 lM in the island's most densely populated regions, and on average 750 lM at 12 sampling sites around the lens (Simmons et al. 1985) . Low ammonium levels (NH 4 ? , * 2 lM) in the upper oxic portion of the aquifer suggest that dissolved oxygen in the groundwater permits oxidation of the NH 4 ? to NO 3 - (Simmons 1983; Simmons et al. 1985 ; Thompson and Foster 1986 ). In addition, phosphate (PO 4 3-) concentrations in the Devonshire groundwater lens are relatively low (\ 3 lM), likely due to PO 4 3adsorption onto the island's limestone (Simmons 1983; Simmons et al. 1985) . As a result, the N/P ratios in Bermuda's groundwater range from 400:1 to 1000:1, much higher than typical sewage effluents of about 9:1 (Simmons 1983) .
While the impact of sewage pollution on Bermuda's groundwater has been studied since the 1980s, the broader environmental impacts of groundwater pollution around the island are not well understood. It has been suggested that Bermuda's near-shore waters are significantly impacted by submarine groundwater discharge (SGD) (Smith et al. 1998) . SGD enters the ocean below sea level by flowing through pores or fissures in the rock (Burnett et al. 2001; Slomp and Van Cappellen 2004) ; it is strongest at low tide, when the pressure differential between the groundwater lens and the ocean is highest, a pressure-driven discharge termed tidal pumping (Vacher 1978; Smith et al. 2013) . SGD has been identified as an important nutrient source to near-shore waters (Slomp and Van Cappellen 2004; Paytan et al. 2006; Moore 2010) . On the north shore of Bermuda, the presence of SGD is evidenced by diurnal fluctuations in seawater salinity (Smith et al. 1998) . Bacterial indicators of human fecal contamination are also present in coastal hot spots around the island (Jones et al. 2011 ). In addition, the nitrogen isotopic composition (d 15 N) of seagrass leaves and gorgonians shows a significant inshore-offshore gradient, which has been interpreted to reflect the presence of sewage-derived nitrogen in coastal ecosystems (Fourqurean et al. 2015; Baker et al. 2016) .
We performed a case study tracing the ejection of sewage-contaminated groundwater into a near-shore patch reef on Bermuda using both salinity and d 15 N. Our study aims to address two questions: First, can we use d 15 N to establish a direct link between SGD, near-shore nutrient enrichment, and reef-building corals? And, second, on reefs where SGD is clearly detected, does SGD have a measurable impact on coral growth and bioerosion rates?
Methods

Study site
We focused our study on a groundwater vent site and the coral reef adjacent to it on Bermuda's north shore. The reef extends about 30 m along the shoreline and 30 m outward from the coast (Fig. 1) . Benthic cover is a mixture of gorgonians, macroalgae, and hard corals; the hard coral community is dominated by Porites astreoides, Porites porites, Siderastrea siderea, and Millepora alcicornis. At low tide, cold, low-salinity groundwater visibly discharges from submarine cracks and pores in the limestone at the reef's coastal edge.
Water sampling
We sampled the groundwater lens directly at an onshore monitoring well at the West Pembroke School, 800 m inshore from the study reef. A flow-through, double-ball bailer was used to collect samples from the top (water depth of 0.5 m), middle (4 m), and bottom (7.5 m) of the well. Samples were filtered using sample-rinsed Whatman 0.2-lm syringe filters and frozen at -20°C for dissolved nutrient concentration analyses (NO 3 -? NO 2 -, NH 4 ? , PO 4 3-, and SiO 4 2-) and for isotopic measurement of NO 3 -. Salinity samples were collected unfiltered into 120-mL glass bottles and stored at room temperature. Blank tests of the sampling method with Milli-Q water showed that concentrations of NO 3 -, PO 4 3-, and silicate (SiO 4 2-) were below detection limits, [NH 4 ? ] was \ 0.06 lM, and salinity was \ 0.01 ppt.
A total of 42 discrete coastal water samples were collected during 1 week in July 2015. Samples were collected from four sampling stations: the identified groundwater vent on the coastline (subsequently ''groundwater vent''), the reef adjacent to the vent (0.5 m from vent, subsequently ''0.5 m''), the center of the reef (10 m from vent, subsequently ''10 m''), and the outer edge of the reef (30 m from vent, subsequently ''30 m,'' Fig. 1 ). In order to capture water chemistry variation near shore during periods of groundwater discharge, samples were simultaneously collected from the groundwater vent and one or more of the 0.5-m, 10-m, or 30-m stations approximately hourly over a period of 3-6 h during tidal transitions. Sampling frequency was highest at the groundwater vent (n = 16) compared to the 0.5-m (n = 10), 10-m (n = 11), and 30-m (n = 5) sites, with the majority of sampling during mid-tolow and low-to-mid tidal transitions. We also collected water samples (n = 2) from a patch reef in central Tynes Bay (2 km from the near-shore study reef, subsequently ''2 km'') as a comparison site. The groundwater vent was sampled using sample-rinsed 50-mL HDPE syringes filled directly from the discharge point. All other samples were collected 10 cm above the reef using a Niskin or samplerinsed 500-mL HDPE bottle.
Each water sample was divided into discrete aliquots and preserved according to best practices for the intended analysis: salinity, small-volume alkalinity, pH, NO 3 concentrations, and NO 3 d 15 N. Salinity samples were collected as described above. For alkalinity samples, 20 mL of unfiltered seawater was preserved with HgCl 2 . For pH, a 60-mL syringe was filled with seawater, capped, and chilled on ice in the dark until return to the laboratory. For NO 3 concentration and NO 3 d 15 N, seawater was filtered using sample-rinsed Whatman 0.2-lm syringe filters, collected into acid-cleaned, sample-rinsed HDPE bottles, and frozen at -20°C until analysis.
Temperature loggers (HOBO U22-001, Onset Loggers) were deployed at the groundwater vent and both at the surface and at depth at the 10-m station (center of the reef, 1.5 m depth).
Water analysis
Salinity analyses were performed at Woods Hole Oceanographic Institution using a Guildline autosal model 8400B salinometer standardized with IAPSO standard seawater. Alkalinity was measured in triplicate by smallvolume auto-titration; pH was measured by spectrophotometric analysis. Carbonate system (X ar ) calculations were done using the CO2SYS program (Pierrot and Wallace 2006) with constants from Mehrbach et al. (1973) and refit by Dickson and Millero (1987 Coral Reefs systems, including around Bermuda (Briceño and Boyer 2013; Fourqurean et al. 2015) , and in Bermuda's groundwater (Simmons et al. 1985) . To further confirm this, we applied the NO 2 removal method described in Granger and Sigman (2009) to a similar set of samples, collected in July 2016 at Bermuda by the same procedure described above, from across this near-shore reef site and across the tidal cycle. In these samples,
and did not significantly affect d 15 N. In this paper, we will hereafter refer to NO 3
NO 3 d 15 N was measured in duplicate or triplicate using the denitrifier method described in Sigman et al. (2001) , with the protocol and instrumentation updates in Weigand et al. (2016) . The pooled SD of NO 3 d 15 N duplicate/ triplicate analyses was \ 0.05%.
To capture sample variance during periods of discharge at low tide, sampling density on the near-shore reef was highest during low tide. To correct for differential sampling densities and report representative averages for salinity, [NO 3 -], NO 3 d 15 N, and X ar across the tidal cycle, we performed linear regressions of sample values on tide height (ESM Fig. 3 ). ''Time-averaged'' statistics (means and standard errors) are reported for the mean tide height at each site (the intercept and intercept standard error of each regression line, where tide height is centered at zero). In representing average NO 3 d 15 N, we report concentrationweighted NO 3 d 15 N, where concentration-weighted
Coral tissue sampling and analysis
Live, visually healthy P. astreoides tissue samples were collected from ten colonies at the near-shore reef site and from six colonies at the comparison site 2 km from shore (Bermuda Department of Environmental Protection Permits Nos. 150703 and 150804; CITES Permits Nos. 15BM0005 and 15BM0006). We collected * 8 cm 2 of coral tissue from the top surface of each coral and then applied underwater epoxy to the sampled area to seal the colony surface and promote tissue regrowth. All coral tissue samples were collected on a single day in July 2015 and frozen at -80°C until analysis. Coral samples were thawed at room temperature, and tissue was removed from the skeleton using an air pick. Tissue was homogenized using a Wheaton glass Tenbroeck tissue grinder to rupture the coral tissue cell membranes while keeping zooxanthellae intact. A portion of this homogenate was retained for bulk analysis; the remainder was centrifuged in 15-mL PP tubes (10 min at 3000 RPM, for initial separation of symbionts and coral; symbiont fraction 3 9 5 min at 3000 RPM with seawater rinses inbetween; coral tissue fraction 3 9 10 min at 9000 RPM; adapted from Muscatine et al. 1989 ) to obtain cleanly separated samples of zooxanthellae and coral tissue. The zooxanthellae, coral tissue, and bulk mixture were treated as separate samples in subsequent analysis. All samples were freeze-dried (Labconco FreeZone 2.5; 0.315 Torr, -54°C), ground to fine powder, and packed into tin capsules (Costech 5 9 9 mm). Packed samples were measured using an Elementar Vario Isotope Cube elemental analyzer online to an Elementar Isoprime visION isotope ratio mass spectrometer (EA-IRMS). Samples were analyzed in duplicate and calibrated against an in-house aminocaproic acid isotopic standard and an international glutamic acid standard (USGS40). The average SD of duplicate measurements was \ 0.1%.
Benthic macroalgae of three common species at these sites (Caulerpa racemosa, Halimeda tuna, and Laurencia intricata) were also sampled for d 15 N analysis. Samples were collected adjacent to the groundwater vent (within 1 m), at the reef center (8-12 m from the vent), at the reef's outer edge (30 m from the vent), and at the comparison site 2 km from shore. Each sample consisted of a 5-10-cm portion of thallus from a single live individual, free of visible necrosis or epiphytes. Samples were stored at -20°C until analysis, then freeze-dried, ground, packed, and analyzed for d 15 N using the same EA-IRMS method described above. The average SD of duplicate measurements was \ 0.1%.
Coral core sampling and analysis
Coral skeletal cores were collected on the near-shore reef from 12 individuals, including the same corals sampled for tissue d 15 N. We used a hand-held drill fitted with a 3-cmdiameter diamond-tipped drill bit (Grainger) and attached to a SCUBA tank to remove skeletal cores from the center of each colony (e.g., Barkley et al. 2015) . Cores ranged in length from 2.8 to 14.1 cm and were CT scanned at WHOI using a Siemens Somatom Volume Zoom CT scanner following the protocol described in Cantin et al. (2010) and Crook et al. (2013) . Each core's annual skeletal density (g cm -3 ), annual extension rate (cm year -1 ), annual calcification rate (g cm -2 year -1 ), and total skeletal macrobioerosion rate (percent eroded) were calculated from the CT images using the publicly available analysis program coralCT (DeCarlo and Cohen 2016; described in DeCarlo et al. 2015) . The ages of these coral colonies range from 9 to 35 years with an average of 23 years, as indicated by counting the annual bands in the CT scans.
Results
Groundwater and reef water chemistry
At the groundwater well, groundwater was characterized by low salinity (\ 1.5 ppt) and elevated [NO 3 -] (180-980 lM) and NO 3 d 15 N (8.8-21.4%, increasing with depth) relative to offshore reef water (ESM Table 1 ; ESM Fig. 1) .
During low tide at the groundwater vent, when SGD is expected to be greatest, salinity and temperature are lowest (Fig. 2) , and [NO 3 -] and NO 3 d 15 N are highest (Figs. 3 and 4), and are within the ranges measured in the groundwater well. The low-tide groundwater vent samples also had elevated alkalinity, low pH, and low saturation state (X ar = 1.8 ± 0.2, n = 10) relative to the mean at the station 10 m from the vent (X ar = 3.2 ± 0.1, n = 12; Table 1) .
At all three stations on the near-shore site (i.e., 0.5 m, 10 m, and 30 m), and NO 3 d 15 N varied with tide height, with greater variation at the more enclosed nearshore locations (0.5 m and 10 m) than at the edge of the reef (30 m); [NO 3 -] and NO 3 d 15 N measured at the nearshore site did not reach the low values measured at 2 km (the offshore comparison reef site) ( Figs. 3 and 4 ; Table 1 ). The measured offshore [NO 3 -] is consistent with measurements by Fourqurean et al. (2015) at sites around the island (0.5 lM) and Wang et al. (2015) in central Tynes Bay (0.3 lM).
A linear model of [NO 3 -] on sampling station and tidal height shows significant differences between sampling stations (p \ 0.001, one-way ANOVA), with [NO 3 -] progressively increasing at stations closer to shore, and significantly higher [NO 3 -] at lower tide heights (p \ 0.01; for overall model, R 2 = 0.44 and p \ 0.001). Across all samples, there is a strong negative correlation (R 2 = 0.997, p \ 0.001) between [NO 3 -] and salinity (Fig. 3) . Groundwater discharge did not have a detectable effect on X ar across the near-shore reef, where X ar remained between 3 and 4 throughout the tidal cycle, across all sampling stations (ESM Fig. 2 ).
Coral d 15 N
Corals at the near-shore reef site had significantly elevated d 15 N relative to samples from the comparison reef site 2 km from shore, by an average of 3.0% (one-way ANOVA, p \ 0.001; Fig. 5 , n study site = 10; n 2 km = 6). This significant difference was observed in the bulk (mixed symbiont and tissue), non-symbiont (''tissue''), and symbiont fractions (ESM Fig. 4) .
A linear model of NO 3 d 15 N on distance to shore was used to calculate average NO 3 d 15 N at the specific location of each coral within the near-shore site (inset, Fig. 5 , Fig. 5 ). This relationship is driven by the comparison site 2 km from shore: Within the near-shore reef, there was no significant correlation between coral d 15 N (bulk, tissue, or symbiont), or a colony's tissuesymbiont d 15 N differential, and distance to the shoreline or NO 3 d 15 N (n = 10). Across all collection locations, symbiont d 15 N was significantly higher than tissue d 15 N, by an average of 1.6% (p \ 0.001, paired t test, n = 16; ESM Fig. 4) .
In a linear model of macroalgae d 15 N versus average NO 3 d 15 N at each algae collection location, including macroalgae species as a factor, species was not statistically significant, and macroalgae tissue d 15 N and NO 3 d 15 N were positively correlated (R 2 = 0.74, p \ 0.01, n = 12, ESM Fig. 5 ). This relationship was also driven by the comparison site 2 km from shore: There was no significant correlation within the near-shore reef (n = 9). Macroalgae d 15 N on the near-shore reef was significantly elevated by an average of 3.0% relative to the comparison site (oneway ANOVA; n study site = 9, n 2 km = 3; p \ 0.001).
Coral macrobioerosion and growth rates
The P. astreoides corals' mean macrobioerosion rate was 1.10 ± 1.10% (percentage skeletal volume bioeroded, mean ± SD, n = 12), with a range of 0-3.8% (Table 2) . No significant correlation was found between macrobioerosion and distance from the groundwater discharge vent (n = 12), or between macrobioerosion and coral bulk, tissue, or symbiont d 15 N (n = 10).
Coral skeletal densities were 1.24 ± 0.10 g cm -3 , linear extension rates 0.33 ± 0.06 cm year -1 , and calcification rates 0.41 ± 0.09 g CaCO 3 cm -2 year -1 (mean ± SD, n = 12). A linear mixed-effects model of annual calcification rates (the product of skeletal density and extension rate) on distance to shore and year shows a significant decline closer to shore (Fig. 6 ) and with time ( Fig. 7) from the 1980s until 2015 (Table 3 , p \ 0.001, R 2 = 0.62, accounting for coral identity as a random effect; n = 280 coral-years, 12 corals). Coral depth was not a significant predictor. In an equivalent model of skeletal density on distance to shore and year, skeletal density significantly declines closer to shore (p \ 0.001) but is not significantly predicted by year. Conversely, in an equivalent model of annual extension rate on distance to shore and year, extension rates significantly decline with time (p \ 0.001) but distance to shore is not a significant predictor. (2) 150.3 ± 49.4 (16) 5.9 ± 1.6 (10) 3.6 ± 0.9 (11) 0.9 ± 0.3 (5) 0.4 ± 0.0 (2) NO 3 d 15 N (%) 2 0± 0.8 (2) 9.9 ± 0.2 (14) 9.6 ± 0.3 (10) 9.0 ± 0.3 (11) 6.8 ± 0.5 (5) 4.4 ± 0.2 (2) pH n.d. 7.9 ± 0.1 (16) 8.0 ± 0.0 (5) 8.0 ± 0.0 (12) 8.0 ± 0.0 (5) 8.0 ± 0.0 (2) Alkalinity ( -] about ten times higher than is typical in Bermuda's coastal waters (Fourqurean et al. 2015; Wang et al. 2015) . Within the groundwater well, elevated NO 3 d 15 N, rising as [NO 3 -] declines with depth within the well, is indicative of denitrification in the aquifer (ESM Fig. 1 ; ESM Table 1 ). Denitrifiers preferentially consume lowerd 15 N NO 3 -, elevating the d 15 N of the residual NO 3 pool (Granger et al. 2008) . Elevated NO 3 d 15 N at the groundwater vent and across the near-shore site is consistent with the composition of the groundwater lens, suggesting that nutrients from human waste in Bermuda's groundwater are contaminating this near-shore reef.
In contrast, groundwater input does not significantly lower pH or X ar on the near-shore reef beyond the discharge vent (Table 1; ESM Fig. 2) . The reef also exhibits only a slight, though measurable, decrease in salinity moving closer to the groundwater vent (Table 1) . This reflects the varied differentials between groundwater and offshore water composition: in the groundwater is [ 10009 higher than that of reef water at the comparison site, compared to the more modest differences in alkalinity (\ 29 higher) and salinity (\ 309 lower).
Among water samples with salinity [ 35.25 ppt, the linear mixing pattern forms two distinct lines (Fig. 3 inset) . Samples collected on July 26, 2015 (outlined in black), approach an x-intercept around 35.75 ppt, as compared to 36.25 ppt for all other samples. This suggests a slight, potentially rainfall-driven, variation in offshore salinity.
The strong negative correlation between salinity and [NO 3 -] (Fig. 3) indicates that mixing, not local biological consumption, is the primary driver of the [NO 3 -] decline moving across the reef and away from the groundwater vent. This is consistent with the positive correlation between [NO 3 -] and NO 3 d 15 N (Fig. 4b) : If biological consumption were the dominant driver of the [NO 3 -] gradient, we might expect NO 3 d 15 N to increase as [NO 3 -] declines, driven by organisms' preferential uptake of low-d 15 N NO 3 -(e.g., marine phytoplankton, Granger et al. (2004) ; macroalgae, Swart et al. 2014) . Instead, the relationship between [NO 3 -] and NO 3 d 15 N appears to be dominated by mixing between a high-NO 3 d 15 N, high-[NO 3 -] end-member (i.e., groundwater) and a low-NO 3 d 15 N, low-[NO 3 -] end-member (i.e., offshore water similar to the 2-km site) (Fig. 4b, gray curve) . However, the dominant effect of mixing does not preclude local biological consumption.
Coral d 15 N
Coral d 15 N is significantly higher across the groundwaterimpacted near-shore reef site compared to the comparison site without groundwater N inputs, consistent with assimilation of groundwater-borne, high-d 15 N N by near-shore corals. Macroalgae reflect the same d 15 N differential (ESM Fig. 5 ), providing additional evidence that groundwaterborne N is available to, and used by, reef organisms. Our data show a rapid decline in [NO 3 -] during high tide when groundwater is not discharging; however, corals' uptake of DIN has also been shown to be rapid: In pulse-chase experiments, Kopp et al. (2013) show coral assimilation of DIN within just a few hours (in a 12-h pulse at 30 lM NO 3 -, incorporation of NO 3 by dinoflagellates was detected at 2 h, and translocation to coral cells was detected at 6 h). In combination with this experimental evidence and estimates of water residence time from Venti et al. (2012) of 7 ± 2 to 12 ± 4 days on the Bermuda platform, our data suggest that the residence time of groundwater on the reef is sufficiently long to permit corals to utilize groundwater-derived N.
The significant gradient in NO 3 d 15 N moving across the near-shore reef site is not proportionally reflected in coral d 15 N (Fig. 5 ). This observation was counter to our expectations. Here, we suggest possible explanations. The corals may obtain N primarily through feeding on highd 15 N suspended particulate organic matter (SPON) and/or zooplankton, which are easily mixed pools that may homogenize the d 15 N gradient. However, this explanation cannot apply to the similar lack of d 15 N gradient in macroalgae within the near-shore reef (ESM Fig. 5 ), suggesting a DIN-based explanation that applies to both macroalgae and corals. The corals (and macroalgae) may rely primarily on NH 4
? rather than on nitrate; NH 4 ? d 15 N, which was not measured in this study, may have no gradient across the near-shore reef. Or, finally, the offset may be explained by the increase in isotopic fractionation associated with NO 3 assimilation as [NO 3 -] increases. There is evidence for such a dependency in both corals (Devlin 2015) and macroalgae (Swart et al. 2014) . (Table 1) . This is a stronger dependence than has been observed in laboratory studies (Devlin 2015, * 2%), but not to the degree that it renders the hypothesis implausible. Further study of SPON, macroalgae, and ammonium at this site may allow for us to distinguish among these possible explanations for the lack of near-shore d 15 N gradients in coral and macroalgal tissue and may elucidate the mechanisms by which corals meet their N requirements in polluted environments.
In contrast to most studies (e.g., Swart et al. 2005; Reynaud et al. 2009; Ferrier-Pagès et al. 2011; Nahon et al. 2013) , we find consistent elevation of symbiont (''zoox'') d 15 N relative to coral tissue (''host'') d 15 N (negative D host-zoox 15 N; ESM Fig. 4 ). This finding is consistent with measurements from this species in other work (Muscatine and Kaplan 1994) and at various locations across the Bermuda platform and will be discussed elsewhere (Luu and coauthors, in prep.) .
Spatial variation in skeletal growth
Coral calcification rate, the product of skeletal density (g CaCO 3 cm -3 ) and linear extension rate (mm year -1 ), is a quantifiable biological response to environmental conditions with implications for reef resilience because the accretion of reef structures allows coral to avoid algal overgrowth and reconstruct reef habitats following disturbance. On this near-shore reef, calcification declines significantly moving closer to shore; the spatial trend in density, but not extension, is statistically significant.
This calcification trend may be driven by the reef's inorganic N enrichment, which is more extreme at the a c b Fig. 7 Temporal variation in coral skeletal growth parameters. Each point represents, in a, mean annual calcification rate (the product of linear extension rate and skeletal density); in b, mean annual linear extension rate; or, in c, mean annual skeletal density, for a single coral in that year. Corals are colored by their distance to shore; the straight light blue line on each graph represents a linear mixed-effects model of the skeletal growth parameter on year and distance from shoreline, accounting for coral identity as a random effect. Annual calcification rates and extension have declined significantly (p \ 0.001) over the last several decades coastline where groundwater discharges and is increasingly diluted with distance from the shore. This explanation is consistent with experimental evidence that N enrichment decreases coral calcification by affecting both skeletal density and extension (Marubini and Thake 1999; Shantz and Burkepile 2014) by creating competition between corals and their zooxanthellae for dissolved inorganic carbon (Marubini and Davies 1996; Langdon and Atkinson 2005; Holcomb et al. 2010 ) and/or photosynthetic products (Wooldridge 2009 (Wooldridge , 2010 as zooxanthellae are released from N limitation. Taking our calcification data in combination with the experimental evidence of N enrichment impacts on coral calcification and the N isotopic evidence of the corals' uptake of groundwater-borne N, our findings suggest that SGD may drive the decline in coral calcification rates closer to shore. This result is a preliminary indicator of a coral physiological response to groundwaterbased N loading at this site.
Environmental factors that vary collinearly with distance from shore, such as reef depth, temperature, irradiation, sedimentation, and wave action, may also affect the trend. One such factor quantified in this study is reef depth, which is correlated with distance to shore for the 12 corals sampled (p \ 0.01, R 2 = 0.58; ESM Fig. 4 ). Shallower waters are linked with higher extension rates generally (Al-Rousan 2012; Huston 1985; Venti et al. 2014) , and in P. astreoides in Bermuda specifically (Logan and Tomascik 1991) . Decreasing reef depth and increased sediment loading closer to shore may counter the N enrichment effects on extension, causing extension to remain relatively stable (non-statistically-significant decline moving inshore).
Temporal variation in skeletal growth
Further study is necessary to determine the driver of the calcification rate (extension) decline over time. Although extension, as opposed to density, is not sensitive to ocean acidification (Mollica et al. 2018) , it does respond to nutrients, temperature, and irradiation (Lough and Cooper 2011; Marubini and Thake 1999; Shantz and Burkepile 2014) . While groundwater profile data show no change in the groundwater's standing [NO 3 -] since 1982 (ESM Fig. 1) , it is possible that groundwater NO 3 flux to the ocean has changed. Rising sea surface temperatures (SSTs) are another potential driver of the observed decline in extension, an explanation consistent with other studies documenting extension declines under rising temperatures (Cantin et al. 2010; Cooper et al. 2008 ). Bermuda's annual average SST has risen * 1°C over the last three decades (National Meteorological Center 2017).
Bioerosion
Bioerosion rates are another skeleton-based metric that can connect nutrient conditions with coral health outcomes. Macrobioerosion (borings of [ 1 mm diameter, caused by worms, bivalves, and sponges) decreases corals' skeletal strength and longevity (Scott and Risk 1988; Chen et al. 2013) . Macrobioerosion rates increase at lower aragonite saturation state (X ar ) and elevated nutrient conditions Holmes et al. 2000; Chen et al. 2013; Prouty et al. 2017) ; in Pacific corals, nutrient enrichment ([ 1 lM NO 3 -) was associated with a tenfold increase in the effects of X ar on macrobioerosion .
However, in spite of this reef's high nutrient conditions, the bioerosion rates of these cores (0-3.8%) are typical relative to recorded values for this species or genus, under either moderate or ''polluted'' nutrient conditions (Holmes et al. 2000; Chen et al. 2013; DeCarlo et al. 2015; Prouty et al. 2017) . This result provides a contrast to the highly bioeroded P. lobata individuals (2-15% bioerosion) measured by Prouty et al. (2017) at a Maui reef where groundwater discharge is a source of both N enrichment and significantly reduced X ar . The relatively high and consistent X ar across this site (ESM Fig. 2 ) may contribute to the corals' low bioerosion rates even under N enrichment, as indicated in DeCarlo et al. (2015) . Alternatively, this finding may relate to the local nature of the SGDdriven nutrient enrichment in this setting, with lateral mixing preventing a strong gradient in SPON availability. Lacking a strong shoreward increase in their food supply, bioeroders may show no gradient in their activity. As climate change and ocean acidification reduce coral reef resilience on a global scale, it is increasingly important to mitigate local stressors that can push coral reefs past their resilience thresholds. The near-shore coral reefs of Bermuda are one ecosystem where such mitigation may be possible. Our study confirms that groundwater discharge is a significant driver of nutrient dynamics at this near-shore reef site. We propose the following efforts to elucidate and mitigate the impact of nutrient-enriched SGD on Bermuda's near-shore reefs: (1) quantify the extent and distribution of SGD along Bermuda's coastline as a whole; (2) further explore the local effects of N inputs on near-shore coral calcification rates and discern the drivers of the corals' declining extension rates over time; and (3) determine the mechanisms that promote this reef's relative health in spite of substantial groundwater-borne nutrient inputs and apply this understanding to future reef management.
